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Available online 6 June 2016TheWestern United States is expected to undergo both extended periods of drought and longer wildﬁre seasons
under forecasted global climate change and it is important to understand how these disturbances will interact
and affect recovery and composition of plant communities in the future. In this research paper we describe the
temporal response of grassland communities to drought and ﬁre in southern Arizona, where land managers
are using repeated, prescribed ﬁre as a habitat restoration tool. Using a 25-year atlas of ﬁre locations, we paired
sites with multiple ﬁres to unburned control areas and compare satellite and ﬁeld-based estimates of vegetation
cover over time. Two hundred and ﬁfty Landsat TM images, dating from 1985–2011, were used to derive esti-
mates of Total Vegetation Fractional Cover (TVFC) of live and senescent grass using the Soil-Adjusted Total Veg-
etation Index (SATVI) and post-ﬁre vegetation greenness using the Normalized Difference Vegetation Index
(NDVI). We also implemented a Greenness to Cover Index that is the difference of time-standardized SATVI-
TVFC and NDVI values at a given time and location to identify post-ﬁre shifts in native, non-native, and annual
plant cover. The results highlight anomalous greening and browning during drought periods related to amounts
of annual and non-native plant cover present. Results suggest that aggressive application of prescribed ﬁre may
encourage spread of non-native perennial grasses and annual plants, particularly during droughts.
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Drought1. Introduction
Grasslands provide society with a number of important ecosystem
services, but overuse and poor management of these landscapes in the
past has greatly diminished their spatial extent and quality (Sala &
Paruelo, 1997; Samson & Knopf, 1994; White, Murray, & Rohweder,
2000). Fire is the primary natural disturbance in semidesert grasslands,
and its removal from the landscape in the past contributed to wide-
spread changes in vegetation structure, composition, and function
(McPherson, 1997). Fire has been reintroduced to degraded grasslands
as a way to restore key ecosystem services like forage production, polli-
nator services, soil processes, and wildlife habitat (Neary, Klopatek,
DeBano, & Ffolliott, 1999; Pyke, Brooks, & D'Antonio, 2010; Wright,
1974). Prescribed ﬁre is believed to reduce invasibility of grasslands
by non-native plants (Ditomaso et al., 2006; Smith & Knapp, 1999), re-
duce woody plant encroachment and desertiﬁcation (Bahre, 1991;
McPherson, 1997), and increase native species diversity (Valone &l), lnorman@usgs.gov
llace@usgs.gov (C.S.A.Wallace),Kelt, 1999). Large-scale application of ﬁre on private and public grass-
lands is not easily implemented as it requires considerable expertise
and ﬁnancial investment, has many inherent risks and liabilities, and
is difﬁcult, if not impossible, to administer across landscapes with nu-
merous land owners (Yoder, Engle, & Fuhlendorf, 2004). In addition to
logistical obstacles, the restorative effects of prescribed ﬁre in grass-
landsmay be negligible in areas already occupied by non-native grasses
(Bock & Bock, 1992; Bock, Kennedy, Bock, & Jones, 2007; Geiger &
McPherson, 2005; Halpern, Haugo, Antos, Kaas, & Kilanowski, 2011;
McGlone & Huenneke, 2004) if not used in combination with additional
management actions (Havstad & James, 2010). Much of the uncertainty
surrounding prescribedﬁre in arid grasslands is related to the scarcity of
information describingﬁre effects on ecosystems over the temporal and
spatial scales atwhich they operate;many of the studies that have inﬂu-
enced current management of grasslands in the southwestern US were
conducted on small experimental plots, or over short time periods
(Bestelmeyer, Goolsby, & Archer, 2011; Sayre, deBuys, Bestelmeyer, &
Havstad, 2012). Readily accessible, mid-resolution, multispectral satel-
lite time-series data offers promise for addressing these fundamental
questions about the long-term effects of ﬁre and climate on grasslands
at a spatial and temporal scale that can provide land managers with ac-
tionable information.
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Many federal, state and private land managers have embraced the
idea of prescribed ﬁre as a restoration tool for grasslands, but there re-
mains some ambiguity around how to best implement long-term ﬁre
plans given the uncertainty of the combined impacts of climate change
andﬁre on vegetation recovery. In the southwestern United States, early
attempts to improve range conditions involved the seeding of non-na-
tive grasses like Eragrostis lehmanniana (Lehmann lovegrass) for erosion
control purposes, and the plant is now present, if not dominant, in most
desert grasslands of the region. E. lehmanniana is a warm season African
perennial bunchgrass that is adapted to both drought and ﬁre; E.
lehmanniana recovers quickly after ﬁre with greater seed germination,
which gives it an advantage over native grasses (Anable, McClaran, &
Ruyle, 1992; McGlone & Huenneke, 2004; Ruyle, Roundy, & Cox,
1988). The timing of prescribed ﬁre in semidesert grasslands is critical
for reducing the likelihood of unwanted outcomes. The interaction of
ﬁre with anomalous weather conditions has been shown to push al-
ready degraded grassland systems past thresholds into new states
(Drewa & Havstad, 2001; Parmenter, 2008). In southeastern Arizona
for example, a drought during 1988–1989 caused considerable loss of
both native and non-native grass cover, but above-average late-season
precipitation in 1989 favored reestablishment of non-native grasses
over drought-damaged native grasses, turningmany areas into non-na-
tive monocultures (Robinett, 1992). Drought may also hinder post-ﬁre
recovery of native perennial grasses while encouraging annual plants
and woody plants (Cable, 1967). Long-term grassland monitoring data
in Arizona also indicate that the drought of 2006 caused a state shift
fromnative grasses to forbs,whichwere eventually replaced by non-na-
tive perennial grasses (Polyakov et al., 2010).
1.2. Remote sensing of semidesert grassland disturbances
Questions about landscape and community-level effects of ﬁre and
drought on semidesert grasslands can be addressed using satellite
time-series data, but the complexity of post-disturbance recovery re-
quires careful consideration and interpretation of plant community dy-
namics. Satellite estimates of growing season aboveground net primary
production (ANPP) in desert grasslands are generally correlated with
annual precipitation, and positive ANPP outliers have been identiﬁedFig. 1. Illustration of hypothesized vegetation state changes related to drought, ﬁre, and grazin
regime is altered and grazing occurs. Reintroduction of ﬁre (B) can help restore native gra
precipitation (C, 1). Alternatively, non-native (2) sites may transition (D) to annualized/bare sas drought-induced shifts from native grass to annual forb cover
(Moran et al., 2014). Post-ﬁre vegetationmonitoring has been effective-
ly accomplished in non-grassland systems using vegetation index time-
series to measure recovery rates (Goetz, Fiske, & Bunn, 2006; Lentile et
al., 2006; Röder, Hill, Duguy, Alloza, & Vallejo, 2008; Van Leeuwen et al.,
2010), but post-ﬁre cover changes in grasslands are unique in that the
recovery can be quite rapid: herbaceous cover will often fully recover
in the ﬁrst growing season following a burn, and given optimal precip-
itation the resulting growth can be more vigorous and green than pre-
ﬁre conditions. Vegetation state changesmay occur when post-ﬁre con-
ditions are unfavorable for native grass recovery (grazing pressures, ex-
treme climactic events, etc.), contributing to the spread of non-native
grasses and woody shrubs/trees (Fig. 1, hypothesized state changes
are adapted from McPherson, 1997; D'Odorico, Okin, & Bestelmeyer,
2012). Persistent drought and continued lack of ﬁremay shift a non-na-
tive savannah into an annual plant/bare ground assemblage (Fig. 1).
Likewise, if an early-season ﬁre is followed by extreme precipitation,
the resulting soil loss, erosion and gully down-cutting can lead to de-
graded sites dominated by annual plants and/or bare ground. These
complex disturbance-related vegetation responses in semidesert grass-
lands can contribute to misinterpretation of vegetation index data and
the process of community recovery, particularly if a positive measure
of greenness is interpreted as healthy vegetation. However, in most
cases, combining satellite-data with vegetation monitoring plots and
ﬁeld measurements can provide a more informed interpretation of
landscape vegetation change.
Vegetation estimates fromMODIS and AVHRR have been extensive-
ly and successfully used to study grassland vegetation dynamics
(Piñeiro, Oesterheld, & Paruelo, 2006), but complex spatial patterns
that result from the interaction of disturbances with soils, topography,
and vegetation are often undetectable with moderate-low resolution
sensors (0.25–1 km). The release of data from the Landsat archive is
driving new research into detecting andmonitoring vegetation changes
using a high-frequency time series ofmid-resolution (30-m)multispec-
tral data (Melaas, Friedl, & Zhu, 2013; Vogelmann, Xian, Homer, & Tolk,
2012; Zhu & Woodcock, 2014). In many parts of the globe, high-fre-
quency Landsat time-series may be difﬁcult to assemble because of
data gaps caused by a combination of return interval (16-day) and
cloud cover. These obstacles can be overcome using seasonal averages,
best-pixel image composite algorithms, and other statistical ﬁlteringg. Native grassland sites (1) can transition (A) to non-native dominated (2) when the ﬁre
sses and reduce woody plant cover (3), especially with optimal timing and amount of
tates (4) during ﬁre-free periods of prolonged drought.
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Hermosilla, Wulder, White, Coops, & Hobart, 2015; Huang et al.,
2010). Arid lands however are particularly well suited to Landsat
time-series analysis due to relatively low cloud cover though out the
year and the rapid response of desert vegetation to available precipita-
tion, which allow for seasonal, annual, or decadal monitoring of land
cover trends (Sonnenschein, Kuemmerle, Udelhoven, Stellmes, &
Hostert, 2011).
Monitoring interannual vegetation dynamics of perennial grasses
with remote sensing is difﬁcult due to a short growing season. Satellite
spectral vegetation indices (VI) derived from the near-infrared (NIR)
bands that are based on chlorophyll absorption like the Normalized Dif-
ference Vegetation Index (NDVI), tend to reliably approximate vegeta-
tion greenness during photosyntheically-active periods, but do not
correspond well to senescent vegetation and litter outside of the grow-
ing season (Nagler, Inoue, Glenn, Russ, & Daughtry, 2003; Xu, Guo, Li,
Yang, & Yin, 2014). Greenness measured using NIR-based indices may
not always correspond to aboveground biomass or primary production,
and in grasslands in particular it can be difﬁcult to determine the contri-
bution of annual and perennial herbaceous cover to the index value
(Karnieli et al., 2013). The mid- and shortwave-infrared bands are
therefore useful formonitoringnon-growing season vegetation changes
over both interannual and decadal periods, especially for herbaceous
lifeforms with short, climate-driven pulses of “green-up” (Asner &
Lobell, 2000; Guerschman et al., 2009; Nagler et al., 2003; Qi et al.,
2002). The Soil Adjusted Total Vegetation Index (SATVI), a mid-
and shortwave-based index that corresponds with both live and se-
nescent vegetation cover, has been shown to capture temporal
changes in grassland vegetation cover more effectively than other
vegetation indices (Goirán, Aranibar, & Gomez, 2012; Hagen et al.,
2012; Marsett et al., 2006). Combinations of VIS/NIR (e.g. NDVI)
and SWIR-based indices (e.g. SATVI) can be applied to time-series
data to monitor dynamics of different land-cover types (Andela,
Liu, van Dijk, de Jeu, & McVicar, 2013; Hill, 2013; Zhu & Woodcock,
2014), and potentially identify state changes related to drought,
ﬁre, and other land disturbances.
In this study we used time series remote sensing and ﬁeld data
to monitor the effects of ﬁre and drought on vegetation dynamics
of desert grasslands in Southern Arizona. The speciﬁc objectives
were to:1) Use ﬁeld and satellite vegetation cover estimates to assess the effec-
tiveness of ﬁre as a tool to restore invaded desert grasslands
2) Assess differences in vegetation greenness and cover over time
across soil types for grasslands that have burnedmultiple times dur-
ing a 27 year period
3) Develop and implement a multi-index vegetation monitoring ap-
proach to characterize ﬁre and drought induced shifts in vegetation
cover
We used a high-frequency time series of Landsat TMdata tomonitor
and characterize vegetation-cover changes and phenology at an un-
grazed desert grassland in southern Arizona where over 180 ﬁres,
both prescribed andwild, occurred in the study area since 1984, produc-
ing a complex burn mosaic that offers insight into recent effects of cli-
mate and ﬁre on grasslands at a landscape scale. Vegetation cover was
assessed using fractional cover estimates calculated from SATVI, which
were pairedwithNDVI time series to examinehoweach index responds
to ﬁre and drought disturbances. We hypothesize that NDVI alone may
fail to adequately capture post-disturbance cover changes from native
or non-native grass to annualized states that still exhibit considerable
“greenness”. We therefore implement a multi-index monitoring ap-
proach to quantify coincident changes in fractional cover and in green-
ness of vegetation over time, in order to capturemore subtle changes in
dominant plant lifeforms.2. Methods
2.1. Study area
The Buenos Aires National Wildlife Refuge (BANWR) is located in
southern Arizona, USA along the international border with Mexico
(Fig. 2). The 117,500-acre Buenos Aires Ranchwas purchased by United
States Fish andWildlife Service (USFWS) in 1985 under the authority of
the Endangered Species Act in order to protect and enhance habitat of
the masked bobwhite quail (Colinus virginianus ridgwayi). The refuge
is situated at the western edge of the Madrean Archipelago Ecoregion
(Omernik, 1987), and themajority of the refuge falls within the bottom-
lands of the alluvial basin separating the Baboquivari and Atascosa
mountains. 85% of the refuge land is semidesert grassland/savannah
that is classiﬁed and characterized as “Shrub-invaded non-native grass-
land with 10–35% total shrub cover and mesquite cover b15% and non-
native perennial grasses are common or dominant…a deﬁning charac-
teristic for this type is its potential for shrub reduction using prescribed
burns and restoration” (Gori & Enquist, 2003).
Objectives of the BANWR Multi-unit Burn Plan are to restore, con-
serve, and manage the natural abundance and diversity of wildlife and
habitat utilizing strategies that focus on environmental and biological
integrity, which include: 1) reducing and/or maintaining woody plant
canopy cover to b15%, 2) managing ﬁre to reduce introduced Eragrostis
lehmanniana (Lehmann lovegrass) frequency to between zero and 10%,
and favor native grasses over Eragrostis lehmanniana, and 3) top-killing
90% ormore of Eragrostis lehmanniana. Fires prescribed since 1986 have
been numerous and generally small (n=116, mean size=486 ha) and
constrained to ﬁre-management units bounded by access roads. Wild-
ﬁres were generally smaller due to quick suppression (n = 66,
mean= 229 ha), but included 13 ﬁres greater than 400 ha that burned
across multiple ﬁre management units.
The 21,500 ha Santa Rita Experimental Range (SRER), located ap-
proximately 40 km east of the BANWR study site (Fig. 2) was
established in 1903 and is the oldest continuously operating experi-
mental range in the world (McClaran, Angell, & Wissler, 2002). Long-
term monitoring data collected on the range have contributed to a
wide-range of ecological research and have informed landmanagement
decisions at grasslands across the region (McClaran et al., 2002; Sayre,
2003). Major vegetation communities at BANWR and SRER are the
same, facilitating cross-site comparison of vegetation cover and satellite
data (both sites fall within Landsat Path 36/Row 38). Some major land
use differences exist between the two sites, related primarily to their
contrasting objectives of wildlife management and experimental re-
search; while ﬁre is used to manage and manipulate vegetation at
BANWR, ﬁre, livestock grazing, and extensive vegetation manipulations
are implemented at SRER in order examine the effects of experimental
treatments on long-term vegetation changes (McClaran et al., 2002).
2.2. Satellite estimates of vegetation cover
We identiﬁed 250 cloud-free Landsat ThematicMapper scenes (Path
36/Row 38) dating from 1985–2011 that cover the study area (Fig. 3).
There were on average three scenes during the growing season (July–
October) and 7 during the remainder of the year (Fig. 3). Year 2002
had the greatest number of cloud free images (15) and 1990 the fewest
(5) (Fig. 3). Imageswere atmospherically corrected using theModtran 5
atmospheric radiative transfer model in ATCOR-3 and converted to sur-
face reﬂectance.
The Soil Adjusted Total Vegetation Index (SATVI) employs Landsat
Thematic Mapper band 3 (0.63–0.69 μm), band 5 (1.55–1.75 μm) and
band 7 (2.08–2.35 μm) and is calculated as:
SATVI ¼ ρband5−ρband3
ρband5þ ρband3þ L 1þ Lð Þ−
ρband7
2
ð1Þ
Fig. 2. Locationmap of the Buenos Aires NationalWildlife Refuge and Santa Rita Experimental Range relative to desert grasslands in theApacheHighlands Ecoregion (left top); the number
of ﬁres at Buenos Aires NationalWildlife Refuge between 1986 and 2011 at the refuge (left bottom); distribution of sampling locations relative tomajor soil types (right top); and a detail
showing surface patterns at different burn areas from a 2001 aerial photograph (bottom right).
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factor set to 0.5 (Huete, 1988, Marsett et al., 2006).
MinimumandmaximumSATVI values are used to calculate the Total
Vegetation Fractional Cover (TVFC), which is an estimate of the percent
cover within a pixel, both of green and senescent vegetation (0% cover
as bare ground and 100% cover as full canopy). SATVI was scaled to
TVFC using average minimum and maximum (−0.14 and 0.12 respec-
tively) values measured at sites that were selected to represent a
range of annual growing conditions and cover amounts during theFig. 3. Annual and seasonal distribution of Landsat TM scenes used in this study.study period. TVFC is calculated as:
TVFC ¼ SATVI−SATVImin
SATVImax−SATVImin
 100 ð2Þ
In addition to SATVI-TVFC, we calculated the NDVI and compared
dynamics of the indices over time. To assess changes in greenness rela-
tive to changes in cover we used a z-transformation of both NDVI and
SATVI-TVFC that subtracts an individual observation (xi) from the
mean (μ) of the time-series divided by the standard deviation (σ):
zNDVI ¼ xi−μð Þ=σ ð3Þ
and
zTVFC ¼ xi−μð Þ=σ ð4Þ
A standardized greenness-to-cover index (GCI) was calculated as
the difference between the two z-normalized indices:
GCI ¼ zNDVI−zTVFC ð5Þ
The GCI provides a per-pixel measure of themagnitude of greenness
at a given date relative to estimated cover at that same point in time,
and allows us to track these dynamics over time. High GCI values indi-
cate that the location exhibited photosynthetic activity above the ex-
pected amount given estimated plant cover from the SATVI-TVFC at
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cover and greenness should occur synchronously over time in response
to available resources for plant growth (an exception being the growing
season immediately post-ﬁre when an area might have high greenness
but low cover); extremely high GCI values during the growing season
may therefore represent a pulse of short-lived annual plants that typi-
cally do not commit resources to developing substantial above and
below ground biomass but have high rates of photosynthesis and green-
ing. Annual plant pulses, often consisting of herbaceous forbs, typically
occur on sites where native and non-native perennial grasses have not
yet recovered after ﬁre, or where drought, ﬁre and post-ﬁre erosion
may have affected the site's ability to support perennial bunch grasses.
To produce consistent annual measurements, GCI were calculated for
Landsat scenes acquired during the peak growing season (August and
September, Julian days ranging from 215–271)) for 1988–2009. Due to
excessive cloud cover obscuring parts of BANWR during peak growing
season, we did not calculate GCI for 1998, 2000, 2001 and 2004.
We compared time-series of SATVI-TVFC, NDVI, and GCI for burn
sites and adjacent control sites over three soil types that cover most of
the study area: a sandy loam, a shallow upland, and a loamy upland
(Fig. 2). Soil information was acquired from the United States Depart-
ment of Agriculture's Soil Survey Geographic (SSURGO) Database
(http://websoilsurvey.sc.egov.usda.gov./App/HomePage.htm). We ana-
lyzed time-serieswithin areas that had burned 1–5 times using a spatial
database of ﬁre perimeters provided by USFWS and assess variation in
satellite-measured dynamics using ﬁeld-collected vegetation cover
data. Fire maps were developed using a Landsat protocol similar to
Monitoring Trends in Burn Severity (MTBS) approach, but for any ﬁre
larger than 4 ha.We averaged index values from 25 randomly distribut-
ed sample locations within burn and control areas. Random samples
were distributed in upland areas to avoid drainages and depressions
that accumulate moisture and therefore may have different herbaceous
species assemblages and more xeroriparian woody cover. Drought pe-
riods were identiﬁed from the annual Palmer Drought Severity Index
(PDSI) calculated for Arizona Zone 7 (Fig. 4), which was z-transformed
to compare the GCI time series. PDSI is a standardized, time-integrated
drought index that takes into account precipitation, temperature, and
availablemoisture capacity of soils (Alley, 1984; Palmer, 1965). Positive
PDSI numbers indicate wet periods and negative numbers indicate
drought.
To evaluate differences in both cover and greenness over time and
between different soil groups and number of ﬁres, SATVI-TVFC and
NDVI values from each growing season were considered as repeated
measurements using two-way repeated measures ANOVA with years
as the repeated factor. Repeated measures ANOVA were also calculated
within soil groups to test for ﬁre and year effects on SATVI-TVFC andFig. 4.Annual PalmerDrought Severity Index (PDSI) values from1985–2012 calculated for
Arizona Zone 7.NDVI. Interactions were tested with Pairwise Multiple Comparison Pro-
cedures (Holm-Sidak method).
2.3. Validating satellite cover estimates with long-term monitoring data
SATVI-TVFC values were calibrated and validated independently
with a subset of Landsat scenes that corresponded to repeat measure-
ments at BANWR and SRER. We used twenty-ﬁve, 30.4 × 0.31-m moni-
toring (1994, 1997, 2000, 2003, and 2006) belt transects from SRER and
twelve 30-m line-intercept monitoring transects from BANWR (1987,
1993, 1997, and 2002). Species-level data were aggregated into percent-
ages of grass cover, shrub cover, tree cover, and total cover. We catego-
rized large woody plants (Prosopis velutina, Parkinsonia spp.) as “trees”,
in order to separate them from low-statured and small canopy desert
shrubs (e.g. Mimosa biuncifera) and cacti (e.g. Opuntia spp.), which
have different spectral and spatial characteristics that are likely to affect
satellite VI measurements. SATVI-TVFC values at pixels that overlapped
transect lineswere extracted and averaged from a TM scene that tempo-
rally matched the ﬁeld collection dates. We note that the limited areal
coverage of belt transects are not ideal for validation of VImeasurements
taken from square 30-mpixels, especially since vegetation cover of these
grasslands can be highly variable over short distances, but when aver-
aged the data effectively characterize broad cover changes over time.
To test the relationship between GCI and different plant life-forms,
we used cover measurements from 33 vegetation plots collected across
BANWR in 2002 (a drought year). These plots were measured during
the peak growing season (August–September) using the point-inter-
cept method on line transects within the plot area. Species data were
aggregated into percent cover classes for 3 categories deﬁned by the
dominant vegetation type: annual forb and grass, perennial native
grasses and perennial non-native grasses.
2.4. Contemporary ﬁeld data to characterize current conditions
Contemporary vegetation conditions were assessed across BANWR
with vegetation plot data collected at thirty-two locations during the
2012 growing season (July–October). These ﬁeld data were collected
approximately10 months after the unanticipated decommissioning of
Landsat Thematic Mapper 5 in November 2011 yet before the launch
of Landsat 8, which precludes their use as validation of 30-m spectral
data at a speciﬁc point in time. These data are therefore used to charac-
terize vegetation cover and community composition “endpoints” that
correspond closely to the ﬁnal scene of the Landsat 5 TM time series de-
veloped for this project (October, 2011). At each site six 20-m line tran-
sects spaced 10-m apart were extended perpendicular from a 50-m
tape. Vegetation intercepting the vertical plane of the linewas recorded
at four height strata (Herrick, Van Zee, Havstad, Burkett, & Whitford,
2005), and all plants were identiﬁed to species except annuals, except-
ing non-native species, whichwere all identiﬁed to species regardless of
duration. Percent cover of perennial native grasses, perennial non-na-
tive grasses, annual grasses, annual forbs, woody plants and bare
ground were estimated for each transect.
3. Results
3.1. Validation of SATVI-TVFC cover estimates
SATVI-TVFC was positively correlated with grass cover measured
from long-term line-intercept transects at SRER, negatively correlated
with shrub cover, and weakly but positively correlated with tree cover
and total cover (Fig. 5). R2 values for grass cover ranged from 0.61 in
1994 to 0.07 in 2003, shrub cover ranged from 0.02–0.60, tree cover
0.04–0.23 and total cover 0.02–0.23 (Fig. 5). The negative relationship
between SATVI-TVFC and shrub cover and the weak correlation with
tree cover are likely related to the small leaf size and diffuse canopy
structure of desert shrubs and trees (Senegalia and Vachiella spp.,
Fig. 5. Scatterplots of groundmeasurements from the Santa Rita Experimental Range and satellite-derived SATVI-TVFC. Transects were measured during the senescent period in late-fall.
2006 was an extreme drought year, and this is reﬂected in the variability between the two measurements (note grass cover is about 3 times lower than in 1994).
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generally the product of tree cover which dominated transects at
SRER, and helps to explain the weak correlation between SATVI-TVFC
and total cover. Overall at SRER, there was a decline in average vegeta-
tion cover of the 25 transects from 24.4% in 1994 to 16.3% in 2009, and
decline in average grass cover from 4.1% in 1994 to 0.91% in 2009 (Fig.
5), which explains the decreasing correlation coefﬁcients over time.Grasslandmonitoring transects at BANWRwere fewer, and less con-
sistently collected and managed than those at the SRER, so we pooled
the 12 BANWR locations and estimated the mean and standard devia-
tion of perennial grass cover for the years 1987, 1993, 1997 and 2002,
and compared these to SATVI-TVFC pixels at those same locations.
Both the monitoring and satellite data show an increase in cover from
1987–1993 followed by a decline in 1997 and slight increase in 2002
192 M.L. Villarreal et al. / Remote Sensing of Environment 183 (2016) 186–197(Fig. 6). Mean cover estimates from satellite and ﬁeld data are highly
correlated (R2=0.98), but theﬁeld transect data have greater deviation
(e.g., 1987 Grass cover μ= 43.4, σ= 22.2, 1987 SATVI-TVFC μ=53.9,
σ= 4.3) with the exception of 1997 (Grass cover μ= 18.2, σ= 12.9,
SATVI-TVFC μ = 51.2, σ = 6.08) (Fig. 6). The results at BANWR and
SRER showed similar vegetation trends between SATVI-TVFC and on-
the ground vegetation cover dynamics.
3.2. Temporal dynamics of cover estimates related to drought and ﬁre
SATVI-TVFC time-series captured annual and seasonal cover changes
and post-ﬁre vegetation recovery trajectories (Fig. 7). In general, cover
declined at BANWR from 1985–2011 on all soil types, but the decline
was not linear: cover at most sites was stable or increased from 1990–
1996, then declined at most sites beginning in 1996 (Fig. 7). These dy-
namics generally follow the PDSI pattern characterized by consecutive
years of positive PDSI related to above average annual winter precipita-
tion between 1985–1995, followed by longer and more consistent
drought periods beginning in 1996 (Fig. 4). Repeated measures
ANOVA indicate signiﬁcant differences in SATVI-TVFC values between
soil types (F = 5.773, P = 0.024), but not between number of ﬁres
(F=0.658, P=0.669). However therewas a statistically signiﬁcant dif-
ference between years (F = 15.887, P b 0.001) and signiﬁcant interac-
tion between number of ﬁres and year (F = 1.488, P = 0.027). Major
pairwise differences were observed between non-drought years 1993,
1994, 1995 and drought years 2002, 2003, 2005, and 2006 across all
sites.
These drought- and ﬁre-related differences are illustrated in Fig. 7,
where across all sites and over all soil types, SATVI-TVFC cover estimates
were similar in the early non-drought period, but cover began to vary
more considerably between sites during the drought periods of 2001–
2003 and 2006–2011, especially at sites with multiple burns during
these periods. For example, on the sandy loam soil types (Fig. 7a), a
ﬁre in 2006 had little immediate effect on vegetation at the two sites
that burned (SL.1F and SL.4F), andmost of the cover changes happened
as drought progressed through 2007. However, post-ﬁre trajectory of
site SL.1F, with only a single ﬁre in 2006, diverged from the other
sites, with SATVI-TVFC values increasing from 2007–2011, while the
other sites declined (Fig. 7). Transects measured at SL.1F in 2012 indi-
cate average 40% annual and 33% perennial non-native herbaceous
cover, which is compositionally much different than the other three
sandy loam sites (Table 1). Similarly site SL.2F, which had highest
cover of all sites in the early non-drought period (1985–1996), had con-
siderable cover loss and slow recovery after the 1996 and 2001 ﬁres
(Fig. 7a).
Shallow upland soils (Fig. 7c) had less cover variability during the
drought periods when compared to the loamy soil sites (Fig. 7a and
b). The 2012 ﬁeld-measurements indicate the shallow upland sites cur-
rently have more perennial grass cover, primarily non-native, and less
bare ground and annual cover than the sandy loam sites (Table 1).Fig. 6.A) Summary of perennial grass cover frommonitoring transects (n=12)measured at Bu
TVFC values measured at the same transect locations and dates.Outside of the immediate ﬁre-recovery periods following the 1989
and 1997 ﬁres, cover estimates at sites with three and four ﬁres
(SU·3F and SU·4F) are generally indistinguishable from the reference
site (SU·0F) (Fig. 7c). Cover loss at these sites after the 2001 ﬁre,
which occurred during onset of the drought, is more pronounced and
recovery times considerably longer (3–4 years) than for the earlier
ﬁres (Fig. 7c). SU·5F, with ﬁve ﬁres, shows the greatest variability of
cover over the entire period, and after the 1995 ﬁre the inter-annual
changes become particularly ampliﬁed, likely due to a state change
from perennial to annual life forms caused by that ﬁre (Fig. 7c). The
1995 ﬁre and all consecutive ﬁres after were during or followed by
drought periods (Fig. 4), and SU·5F does not fully recover like SU·3F
and SU·4F, sites that burned 1997 rather than 1995. Transect datamea-
sured within the SU·5F site burn area in 2012 indicate average cover of
19% bare ground and 18% annual forbs and grasses, the highest out of
the four units sampling on this soil type (Table 1). 2012 transect data
also indicate the control site SU·0F had the highest average cover of na-
tive perennial grass, and SU·3F and SU·4F had higher non-native grass
cover in 2012 than SU·0F and SU·5F (Table 1, Fig. 7c).
3.3. Greenness and cover dynamics
NDVI and SATVI-TVFC values calculated from the same Landsat
image andmeasured at the same location were not strongly correlated;
R2 values ranged from0.057 on sandy loamsoils to 0.318 on shallowup-
land soils. Unlike SATVI-TVFC, time-series NDVI does not respond pre-
dictably to ﬁre-related cover loss and recovery periods at the shallow
upland soils sites (Fig. 8a). These four shallow upland sites generally ex-
hibit similar temporal NDVI proﬁle of annual green-up and senescence,
with very little separation between sites at any given point in time de-
spite differences in number of ﬁres. This contrasts considerably with
the more dynamic changes in the SATVI-TVFC time series of burned
sites in Fig. 8b, which relative to the control site (SU·0F) display cover
declines after ﬁres and subsequent periods of recovery (Fig. 8b). Results
from the repeated measures ANOVA further illustrate the weak re-
sponse of NDVI to number of ﬁres (F = 0.242, P= 0.929), and showed
no strong interactions between NDVI, number of ﬁres, and year (F =
1.162, P=0.233). There were however notable differences in NDVI be-
tween soil types (F=3.510, P=0.075), signiﬁcant differences between
years (F = 23.958, P b 0.001), and signiﬁcant interactions between soil
types and years (F = 9.630, P b 0.001).
TheGreenness to Cover Index (GCI)was implemented to amplify the
differences between NDVI and SATVI-TVFC time series dynamics and
expose potential information on vegetation changes following distur-
bances. GCI data were validated with 2002 ﬁeld measurements of per-
cent cover for 33 plots categorized by the dominant herbaceous cover
(annual, native perennial and non-native perennial) (Fig. 9). Data indi-
cate that extreme positive GCI values (N0.5) are associated with plots
dominated by annual plants but with low-moderate vegetation cover
(20–40%), and plots dominated by E. lehmanniana, also with low-enos Aires NationalWildlife Refuge (BANWR) in1987, 1993, 1997 and 2002; and B) SATVI-
Fig. 7. SATVI-TVFC measurements at sites on: A) sandy loam, B) loamy upland and C)
shallow upland soils. Cover variability across sites and soil types increases over time as
the droughts become more common starting in 1996 and as more ﬁre occurs. It should
be noted that the Landsat time-series is incomplete during some years, and intraannual
data gaps may contribute to some sharp drops in cover from one date to the next that
are not related to a disturbance.
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(b−0.5) are associated with sites with moderate-high E. lehmanniana
cover (N50%) (Fig. 9). Plots dominated by native grass, but with low-
moderate cover (10–30%) had negative GCI values and all other native
grass plots with moderate to high cover had GCI values between
−0.5-0.0. Native dominated sites did not have any positive GCI values
(Fig. 9).
When plotted as a time series alongside a z-normalized PDSI, GCI dy-
namics can further illustrate vegetation dynamics related to disturbance
history and drought (Fig. 10). For example, sandy loam sites trendedfrom negative GCI values in 1989 and 1991, to predominantly positive
values beginning after 1996 – indicating a likely shift from more dense
Lehmann-dominated cover to an annual or mixed-annual E.
lehmanniana type after burning in the 1990s and 2000s (Fig. 10a). Dur-
ing the drought of 2008, all sites hadGCI N+1,with SL.1F reaching aGCI
of +1.9. SL.1F burned in 2006 and the intervening years were all
drought years, and this peak likely represents a post-ﬁre a shift from
negative GCI (dense cover of perennial non-native grass) to annual
dominated cover, which is conﬁrmed with 2012 ﬁeld data (40% annual
cover) (Fig. 10a, Table 1).
Loamy upland sites show an ampliﬁed positive GCI response to the
2002–2003 drought, which is consistent with both the SATVI-TVFC dy-
namics (cover declines from 1996–2011), and with ﬁeld data that indi-
cate these sites had considerable bare ground and annual plant cover in
2012 (Fig. 01b, Table 1). The loamy upland site with four ﬁres (LU·4F)
had considerably different GCI dynamics than the other loamy upland
sites, with generally low GCI values until the ﬁres in 1997 and 2001,
where GCI exceeds +1 for 3 consecutive years, then declines during
the 2006–09 drought while other sites show positive GCI. 2012 ﬁeld
data indicate this site had almost no annual cover (4%), considerable
non-native (64%) and bare cover (19%), while the other three sites
have 10–20% annual cover (Table 1).
Shallow upland sites were characterized in 2012 by high-moderate
non-native perennial grass cover and relatively low annual cover
(Table 1). Sites on shallow upland soils had the least variability of GCI
between sites and relative to the no ﬁre site (SU·0F), despite multiple
burns during the period (Fig. 10c). Shallow upland sites shift from gen-
erally negative GCI during the 1990s to positive GCI after the 2002
drought, but the relationship between GCI and PDSI is generally weak
(Fig. 10c). SU·5F responded with GCI N +1 after a burn in 2008, a
year with low PDSI, and had considerably higher annual plant cover in
2012 compared to the other shallow upland sites (Table 1).
4. Discussion
In this paper we describe a multi-index approach for monitoring
semidesert grassland vegetation change in response to drought and
ﬁre. The key component of this analysis is the coupling of cover and
greenness estimates made from multispectral Landsat images, that
when used together can illuminate shifting ecosystem conditions and
inform long-term ﬁre management plans, timing of annual prescribed
burns, and invasive species management. Remote sensing time-series
analyses havemany applications for ﬁremanagement and conservation
planning in grasslands, and are potentially applicable at much larger
scales than this case study. With Landsat 8 these approaches can be op-
erationalized in near-real time by producing bi-monthly estimates of
live or senescent coverwith SATVI-TVFC, and annual peak growing-sea-
son GCI values to identify and monitor possible state changes. The GCI,
while applied here during peak growing season, could also be applied
at different seasons to monitor peak growth dynamics of winter an-
nuals, or non-native species that may have slightly different phenology
than native species (Bradley, 2014; Casady, van Leeuwen, & Reed,
2013).
Satellite-based VIs complement ground data collected for long-term
monitoring programs, providing additional information to help charac-
terize recovery trajectories through time and across the landscape. Val-
idation results suggest that while SATVI-TVFC responds negatively to
increased shrub and tree cover, the index provides an effective measure
of amounts of herbaceous vegetation cover within a pixel. When imple-
mented as a time series SATVI-TVFC showed clear differences in grass
cover dynamics between soil types, especially during the later drought
periods. By comparing burned areas to control sites, SATVI-TVFCprovid-
ed information on post-ﬁre recovery times across soil types and through
time, which when compared to ground monitoring data can be used to
estimate points in timewhen considerable cover changes are occurring.
The BANWR desert grassland study site has low woody plant cover
Table 1
Average cover measured at plots situatedwithin sample units on sandy loam, shallow upland, and loamy upland sites. Standard deviations are in parenthesis.Woody cover was estimated
from intercepts at all height classes (0 to N3.0 m).
Site ID Plots (n) Soils Bare Annual grass/forb Native grass Non-native grass Woody Fires
SL.0F 3 Sandy loam 37.2 (13.8) 22.4 (12.2) 30.5 (14.3) 23.2 (16.2) 24.2 (8.8) Reference
SL.1F 2 Sandy loam 14.8 (5.0) 40 (11.2) 12.9 (4.1) 33.3 (8.8) 19.3 (2.6) 2006
SL.2F 4 Sandy loam 13.1 (3.9) 16.5 (4.2) 13.4 (4.1) 65.7 (15.4) 14.4 (9.6) 1996, 2001
SL.4F 4 Sandy loam 27.5 (7.5) 34.8 (19.8) 28.6 (14.9) 22.7 (23.5) 14.7 (5.9) 1991, 2000, 2002, 2006
LU·0F 2 Loamy upland 60.4 (5.9) 20.4 (17.7) 5.4 (7.7) 9.0 (9.1) 15.6 (22.1) Reference
LU·4F 2 Loamy upland 19.4 (7.9) 3.8 (4.7) 13.3 (8.25) 64.2 (20.0) 10.0 (2.9) 1986, 1997, 2001, 2007
LU·5Fa 1 Loamy upland 19.6 10.4 15.4 52.9 0.0 1986, 1995, 2000, 2004, 2008
LU·5Fb 1 Loamy upland 10.0 21.7 62.1 8.8 5.0 1986, 1993, 1997, 2000, 2010
SU·0F 4 Shallow upland 12.3 (4.2) 5.6 (4.8) 19.8 (22.2) 55.9 (23.8) 22.7 (3.0) Reference
SU·3F 4 Shallow upland 14.7 (4.8) 4.2 (3.6) 15.4 (15.1) 61.8 (15.5) 13.0 (7.7) 1989, 1997, 2001
SU·4F 2 Shallow upland 19.6 (15.3) 9.2 (12.4) 5 (7.1) 62.5 (33.0) 7.9 (2.9) 1986, 1997, 2001, 2007
SU·5F 3 Shallow upland 19.2 (8.8) 17.9 (13.5) 14.2 (13.5) 50.6 (16.8) 10.3 (3.9) 1986, 1995, 2000, 2004, 2008
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pixels with high shrub and tree cover. At mixed cover sites, time series
data should be interpreted with caution: SATVI-TVFC declines could re-
sult from either increasing cover of bare ground or increasing cover of
shrubs and trees.
GCI dynamics were useful for identifying sites dominated by annual
plants, particularly on sandy loam soils during drought years, when
short-term greening occurs disproportionately to the amount of total
vegetation cover. Positive index values related to annual plant cover
can be explained by characteristics of their life-history: they are short-
lived plants that respond to seasonal rainfall and increased soil moisture
and commit considerable resources to seed production, rather thanFig. 8. Example illustrating an NDVI (A) time series at four sites on shallow upland soils
with different burn intervals compared to SATVI-TVFC (B) measurements at those same
sites.plant biomass. Conversely, areas with high amounts of cover and low
greenness (i.e. low GCI) were indicative of sites dominated by the pe-
rennial E. lehmanniana, which typically green up earlier in the season.
E. lehmanniana is more dependent on winter precipitation than native
grasses, and will often green-up with sufﬁcient winter precipitation
(Cable, 1971; Huang & Geiger, 2008) but maintain considerable above-
ground biomass throughout the year. This method of using plant cover,
greenness, and phenology to differentiate between native and non-na-
tive species could be implemented to map other non-native grasses
such as cheatgrass (Bromus tectorum) in the Great Basin, buffelgrass
(Pennisetum ciliare) in the Sonoran desert, or Sahara mustard (Brassica
tournefortii) in the Mojave desert.
Prescribed ﬁre has been used to successfully achieve BANWR'sman-
agement goals of reducing woody plant cover, and in general, total veg-
etation cover has also declined over time at all sites measured with
satellite imagery. The use of ﬁre as a means to increase native perennial
grass cover has not been successful, and both ﬁeld and remote sensing
data suggest that most sites have experienced increases in non-native
perennial, annual grasses, and bare ground. Two of the remote sensing
sites with multiple burns (SL.4F and LU·5Fb) had high native grassFig. 9. Relationship between herbaceous cover and the greenness to cover index for 33
vegetation plots measured in 2002 (drought year). Annual (AN), Lehmann lovegrass (E.
lehmanniana) (LL), and Native (N). In general, AN dominated sites with low-moderate
cover have positive index values. Sites dominated by native grasses have higher index
values as the cover increases, but most of the sites have low cover and index values
between −0.5 and 0. LL dominated sites had a linear relationship with the index,
however, areas with dense monoculture of LL had negative index values.
Fig. 10. Graph of growing season Greenness to Cover Index and Palmer Drought Severity
Index (PDSI) changes over time at sites on A) sandy loam, B) loamy upland, and C)
shallow upland soils.
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of the ﬁres that burned these sites were wildﬁres that were not timed
and managed to accomplish restoration objectives. Additionally, and
unexpectedly, unburned control sites SL.0F and SU·0F had the highest
average native grass cover of their soil groups. Recent meta-analysis of
prescribed ﬁre effects on native and non-native grasses suggest that
non-native cover is rarely reduced after ﬁre (Alba, Skálová, McGregor,
D'Antonio, & Pyšek, 2015) given the perpetuation of the grass/ﬁre
cycle (D'Antonio & Vitousek, 1992), and becauseﬁre often favors annual
growth over perennial growth forms (Gómez-González et al., 2011),both of which appear to be occurring at BANWR. E. lehmannianawas in-
troduced into the southwestern US and northern Mexico in the 1930s
and had doubled its spatial extent in Arizona by the 1980s (Cox &
Ruyle, 1986). Species niche modelling suggests the spread of E.
lehmanniana will continue in the future (Schussman, Geiger, Mau-
Crimmins, & Ward, 2006), and remote sensing techniques that can be
used to assess its distribution will be useful for management and
restoration.
Landsat NDVI has been successfully used to monitor temporal
changes in semidesert grasslands (Elmore, Mustard, Manning, &
Lobell, 2000; Nouvellon et al., 2001), and differencing of multi-date
Landsat NDVI has led to successful mapping of invasive grasses that dis-
play early greening compared to native species (Peterson, 2005). Based
on results presented in this study, NDVI does not appear to be an opti-
mal index to monitor semidesert grassland dynamics in areas with: 1)
frequent ﬁre and 2) a complex mix of native, non-native, and annual
plants. Complicating thematter is the fact that manywoody and succu-
lent desert plants generally have small leaf area and photosynthetic bio-
mass resulting in lower absorption in the red wavelengths when
compared to grasses, especially during the growing season. NIR/red-
based indices donot adequately capture vegetation dynamics during se-
nescent periods, which can be more than ¾ of the annual time-series in
semidesert grasslands. Results from the repeated measures ANOVA on
growing season NDVI indicate that NDVI varies over time in response
wet/dry periods and across soil types, but the interactive effects of
drought and ﬁre did not produce signiﬁcant differences in the NDVI sig-
nal as it did with SATVI-TVFC. Sites that burned 4–5 times showed little
difference in temporal dynamics of NDVI when compared to control
sites during recovery periods. TVFC calculated from the SWIR-based
SATVI, however, showed clear and immediate cover losses after ﬁre.
Vegetation transect data collected at the study sites in 2012 show con-
siderable variation in composition of annual and perennial herbaceous
cover and percentage of bare ground. Annual plant cover may contrib-
ute to higher greenness at a site during their short lifespans, but actual
plant cover on these sites may be much lower, a discrepancy that was
captured at the end of the SATVI-TVFC time series but not the NDVI.
5. Conclusions
Desert grasslands are economically and ecologically important com-
ponents of southwestern US landscapes that are facing multiple ongo-
ing stressors. In this study we used ﬁeld data and 27 years of Landsat
imagery to monitor grassland vegetation changes in response to ﬁre
and drought. In particular we were interested in understanding how
the number of ﬁres, and the timing of those ﬁres relative to drought,
might affect the relative cover of native grasses, non-native grasses, an-
nual plants, and woody plants across different soil types.We found that
general cover dynamics were similar across soil types during the non-
drought period from 1985–1995, but cover trajectories varied consider-
ably in the early 21st century as drought progressed. Repeated burning
of these sites during the drought period further complicated vegetation
recovery: some sites that burned during the drought had variable re-
sponse and recovery times, indicative of vegetation state changes (i.e.
change from perennial grassland to barren/annualized state).
Differences in post-ﬁre dynamics between SATVI-TVFC and NDVI
showed that the SWIR-based index better captures post-ﬁre cover
changes, and better characterized long-term recovery trajectories of de-
sert grasslands. When grasslands are burned in early summer, as they
typically are, they will often green-up a short time later with summer
rainfall, but this greening is often the result of opportunistic annual
grasses and forbs and does not reﬂect recovery of perennial grasses.
The SATVI-TVFC, which exploits SWIR absorption of senescent vegeta-
tion, offers a relatively consistent annual time series of cover changes ir-
respective of plant phenology cycles and therefore provides a better
measure of post-ﬁre recovery. Differencing the time-series standardized
NDVI and SATVI-TVFC with the GCI provided a metric to highlight the
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ent amounts of native, non-native, and annual herbaceous cover. Re-
search and management projects interested in real-time monitoring of
drought and ﬁre effects on grasslands, rangelands, and other semiarid
vegetation communities can beneﬁt from implementing a multi-index
approach like the one presented in this paper.Acknowledgements
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